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ABSTRACT 
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Criminal investigation and the science behind evidence analysis is an ever- 
growing niche, and forensic DNA phenotyping (FDP) is no exception. For years the only 
information given to authorities regarding DNA found at a crime scene was STR analysis 
and matching to a comparative DNA sample from a known source. However, what 
happens when there is no suspect to compare DNA profiles, or the case involves a 
missing person where the only available piece of evidence is a biological sample found at 
the scene? Before FDP, not much could be done with the DNA sample and the 
investigation would be stalled. Now it is becoming possible to statistically predict an 
individual’s visual characteristics using FDP. Currently, with the use of Irisplex, 
HIrisplex, and HIrisplex-S, statistical analyses and predictions can be done for 
categorical eye, hair, and skin color by looking at specific genes and their associative 
SNPs, such as HERC2 and OCA2. The more that is understood about trait-determining 
genes and their functional significance with regards to our physical traits, the more 
phenotypes can be added to these prediction tools. 
In an effort to discover additional genes associated with human phenotypes, this 
study looked at thirty-two pigmentation-associated candidate genes, and eleven hair 
structure and morphology associated genes in owl monkey pelage samples. Although the 
samples were not of human origin, it is important to point out the high conservation 
between humans and their non-human primate relatives. The owl monkeys used in this 
study were helpful for tracking expression levels of genes controlling different 
pigmentation and hair structure types, because each monkey had intra-individual 
variation in thickness and in coat color which allowed the generation of potential 
candidate genes for human investigation. Of the 43 total candidate genes analyzed, 36 
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had successful amplification, and 28 showed a significant difference in expression when 
comparing the different samples. 
The second part of this study was to compare quantitative characteristics of 
human hair in physical samples and two-dimensional (2D) photos. A test set of 45 
individuals had 3-5 hairs from the vertex of their head plucked and analyzed, and a 2D 
photograph was taken of their scalp hair. The idea was to be able to make quantitative 
phenotypes in hair (such as hair width, amount of curl) from 2D imagery, when physical 
samples are not available for analysis. This is due to the fact that the majority of 
genotype-phenotype databases consist solely of photographic imagery, and seldom have 
hairs that can be microscopically prepared for analysis. Defining measurable phenotypes 
from 2D photos that strongly correlate with their physical counterparts allow for the 
generation of a more accurate phenotype for future genome wide association studies 
(GWAS) within and outside this laboratory that study hair thickness and hair curl. Three 
different quantitative phenotypes were compared between the microscopic and 2D photo- 
analysis. 
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CHAPTER 1. INTRODUCTION 
1.1 Purpose and Goals of this Research 
Traditionally during an investigation, DNA analysis uses STRs (short tandem 
repeats) to compare an individual to an evidentiary DNA sample [1]. STR analysis has 
been the primary form of DNA analysis in crime scene investigation for the past three 
decades [2]. However, when this analysis fails to match the unknown DNA profile to an 
individual, a different approach needs to be available for use in order to gather any 
relevant information from the DNA collected from a crime scene. With the ability to use 
DNA phenotyping, it is possible to statistically predict certain physical characteristics of 
the person that the DNA originated from [3]. Although using this type of analysis cannot 
link the DNA to any one person, it can be used as a ‘biological witness’ by providing the 
analysts and investigators with an individual’s most statistically probable physical 
appearance profile [3]. To predict the physical features of an individual using a DNA 
sample, knowing which genes correlate to specific physical traits is imperative; however, 
this is not a trivial task due to the enormous complexity in genotype-phenotype 
connections. Phenotypes are not the results of a single gene, but multiple genes 
interacting in a compounding manner to influence a specific trait. This makes it harder to 
pin point which genes interact with each other to give rise to a specific phenotype. An 
example would be understanding the myriad of genes that control hair pigmentation and 
morphology which would lead to the possibility of predicting the type of hair a person, 
whose DNA sample was found at a crime scene, has. Current phenotyping research is 
also being done on skin and eye pigmentation [3, 4]. As of right now, the only method for 
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predicting hair morphology is on a categorical scale (straight, wavy, or curly). The 
problem with this method is, even if the group of genes that control hair morphology are 
studied, reviewed, and put into a prediction model, it still leaves a lot of ambiguity as to 
how curly or straight the individual’s hair actually is. This ambiguity can by fixed by 
using quantitative values that capture the complex nature of the trait instead of using 
simple categorical terms, such as straight, wavy, or curly. 
The first part of this thesis investigates the expression of a candidate list of genes 
in non-human primates, more precisely, owl monkeys (Aotus Nancymaae). Owl monkeys 
are a nocturnal genus of primates that are native to much of tropical South America that 
have different pelage color depending on the body region of the monkey [5]. As seen in 
Figure 1.1, owl monkeys have an orange belly, a striated brown/gray back, and the distal 
portion of the tail is completely black.
Although forensic DNA phenotyping pertains primarily to humans, it is important 
to note that much of the research on the genotype-phenotype relationship between 
complex genes is often performed on non-human primates, such as macaques, 
Figure 1.1: The Aotus Nancymaae owl monkey. This species can be 
found in the Rio Amazonas
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orangutans, and the owl monkey [6]. Using non-human primates, such as the owl 
monkey, that have different hair colors allows us to compare intra-individual variation in 
gene expression related to pigmentation genes. Bradley et al (2012) analyzed seven 
different key pigmentation genes in non-human primates based on the fact that the gene 
and its function are conserved in melanin deposition in humans [7]. There are nine owl 
monkeys in our collection, with RNA sequencing having been performed on four of the 
monkeys to create a candidate list of genes, which was produced using bioinformatic 
approaches outside the scope of this thesis. From here, the aim was to confirm the 
differential gene expression patterns on the other five monkeys in our collection using 
quantitative real-time polymerase chain reaction (qRT-PCR) analysis. By doing this, it 
can be visualized whether any/all of the thirty-two candidate genes are truly differentially 
expressed in hair with lighter/darker pigmentation within this particular primate species. 
This study also examined the use of quantitative morphological methods to 
measure the owl monkey hair at the microscopic level to assess the physical variation 
found in the formation of the hair follicle and its pigment distribution. This would help 
define phenotypes that may correlate with the gene expression values seen in the owl 
monkey, thus enabling the development of hypotheses as to why both humans and non- 
human primates differ/are similar at the phenotypic and genotypic level. Due to the fact 
that hair color is usually associated with hair thickness [8], the comparison of hair colors 
within the owl monkey led to the comparison of hair structure and hair shaft thickness at 
different parts of the owl monkey’s back, belly, and tail. 
During an additional bioinformatics search on the same four owl monkey samples 
that underwent RNA-sequencing, another candidate list was proposed that focused on 
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hair thickness between the three regions/colors within the owl monkeys analyzed. Again, 
qRT-PCR was used to confirm the gene expression of the candidate list of 11 genes 
associated with hair thickness in the remaining owl monkeys. It is envisioned that the 
laboratory will also perform a similar check on these confirmed hair structural candidate 
genes in human hair samples in the future. 
The second part this thesis specifically focused on human scalp hair follicles and 
their morphological structure. In this section hair phenotypes (such as the amount of curl 
and thickness of hair) are defined in a subset of 45 individuals, and all quantifiable 
measurements are linked to photos taken of the same individuals who gave hair samples. 
The goal was to use this test set to optimize the structural categories that are possible 
through imagery alone as the majority of genotype-phenotype databases simply consist of 
hair images. Therefore the ability to gain quantifiable information from these images 
would be a significant advantage in future genome wide association studies (GWAS) 
performed by the laboratory. Hair curliness is theorized to be linked to the individual’s 
ancestry as well as hair thickness [9]. Having the ability to link quantifiable 
measurements using microscopy practices to physical photos of the individual’s hair will 
further examine this theory. 
1.2 The Owl Monkey 
Owl monkeys, also referred to as night monkeys, are the only nocturnal primates 
found in the New World [10]. A notable characteristic of this genus is the large size of 
their eyes which have evolved as an adaption to their nocturnal lifestyle [11]. Although 
there is an ongoing dispute about the speciation of the Aotus genus, there are currently ten 
recognized species of owl monkeys within the genus that are split into two major groups: 
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the gray-necked which are found North of the Amazon River (A. lemurinus and its 
subspecies, A. hershkovitzi, A. trivirgatus, and A. vociferans) and the red-necked which 
are found South of the river (A. miconax, A. nancymaae, A. nigriceps, A. azarae and its 
subspecies) [11]. 
1.2.1 Owl Monkey Morphology 
Aside from having either gray or red fur on the sides of their necks, the Aotus 
genus has a common pelage coloring across all species and subspecies [12]. They have 
pale orange pelage on their bellies and underside of arms and legs, light gray/white 
markings around their eyes, their backs are band with light to dark brown as well as gray 
and orange colored fur, and the distal part of their tail ranges from dark brown to black. 
Depending on the location and the color of the hair, the owl monkeys coat ranges in 
thickness and density. The region of which a specific species of owl monkey lives also 
plays a factor as to how thick their coat is, with those living in high altitudes having 
thicker coats [11]. 
This intra-individual variation in the owl monkey’s pelage makes them the perfect 
non-human model to analyze gene expression in genes that are known to play a part in 
hair pigmentation, particularly as the pelage also displays both eumelanin and 
pheomelanin characteristics as described in the next section, that mirror the composition 
and variation of human hair color. This model animal also allows us to compare 
expression results to those of the concurrent human study on gene expression on hair 
pigment genes. 
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1.3 Pigmentation and Melanogenesis in Humans 
To better understand why certain candidate genes were chosen to track for 
expression in hair samples that varied in pigment; it is important to know what 
melanogenesis is and how it works. Melanogenesis is the process of which pigment 
producing cells, called melanocytes, create and store pigment molecules known as 
melanin in lysosome-like organelles called melanosomes. Melanocytes are found 
throughout the skin, hair, eyes, inner ear, bones, heart, and brain [13], and require 
specific proteins to mature and catalyze melanogenesis. Tyrosinase (TYR) and 
Tyrosinase-related Protein 1 (TYRP1) are examples of two proteins that affect the quality 
and amount of melanin that is created in the melanocytes. Other proteins, such as 
PMEL17 and OCA2 are important in the sorting and distribution of the melanosomes, 
and therefore the distribution of melanin [14]. Melanocytes are located in the basal layer 
of the epidermis next to a cluster of keratinocytes. When enough melanin has been 
formed and stored inside the melanosomes, they are distributed among the neighboring 
keratinocytes via the dendrites of the melanocytes. Figure 1.2 below shows a melanocyte 
located in the middle of a cluster of keratinocytes in the basal layer of the epidermis. 
Figure 1.2: A melanocyte transferring melanin pigment granules to the neighboring 
keratinocytes via its dendrites. Image adapted from http://www.lephysique.com/prevent- 
sunburns-easily/ 
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There are two types of melanin that can be synthesized in a melanocyte: eumelanin 
and pheomelanin; eumelanin are the larger, brown-black pigment granules where tyrosine 
is synthesized to L-dopachrome, and pheomelanin are the smaller, yellow- red pigment 
granules whose synthesis are dependent on the amount of cysteine in the cell [15]. 
Eumelanin is the major pigment type found in individuals with darker skin, hair, and eye 
color, while individuals who predominately have pheomelanin tend to have much lighter 
skin and red hair [13]. Of course, individuals do not have just one type of pigment or the 
other; they have a combination of both. It is this ratio of light to dark melanin that 
controls the color of an individual’s skin, eye, and hair color. 
1.4 Biology of Hair: Stages of Growth and Morphology 
There are three distinct layers in the shaft of a human hair: the cuticle, cortex, and 
medulla. The cuticle is the outermost layer of the hair and has a scale pattern that makes 
it distinct from other animals [16]. Humans have an imbricate (flattened) scale pattern, 
while other hair bearing animals have a myriad of other patterns such as coronal (crown-
like) and spinous. The cortex, or middle layer, is where the pigment granules are found. 
Hair color is dependent on the type and density of melanin cells found in the cortex [17]. 
During melanogenesis, the melanocytes are moved to keratinocytes that are found in the 
cortex. The medulla is found at the very center of the hair shaft. The ratio of medulla 
diameter to hair shaft diameter is called the medullary index (MI), and is typically found 
to be much smaller in humans at less than ¼ versus other animals at around ½ [18]. Even 
more perplexing is that often the medulla is completely absent or nearly invisible in 
human hair. There is still speculation as to the primary function of the medulla [19]. 
Figure 1.3 below shows the different layers of a hair. 
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Figure 1.3: (a) The various parts of the hair and surrounding structures in the dermal 
layer of skin. (b) The three layers found within the hair shaft. Image adapted from 
http://www.peoples.bm/blog/anatomy-hair/ 
Human hair goes through four stages of growth in its lifetime. The first phase in 
the hair life cycle is the anagen phase, or “growth” phase. This phase lasts between 2-6 
years and it is during this time that melanogenesis occurs in the hair [20]. During anagen, 
active melanocytes found in the hair bulb transfer pigment granules to neighboring pre-
cortical keratinocytes that move into the shaft and become the main cells of the cortex. 
[21]. The next phase in the hair cycle is the catagen phase, which lasts about ten days and 
is when the hair’s growth stops and the follicle starts to separate from the dermal papilla. 
During this time, melanogenesis is also turned off [20]. The third stage is the telogen 
phase which lasts two to three months. During this phase, the follicle becomes 
completely detached from the dermal papilla, making room for a new hair to form. The 
last phase of a hair’s life cycle is exogen, which is the shedding phase. This is when hair 
sheds naturally. As exogen occurs the follicle refreshes and returns to the anagen stage 
with a new hair. When taking human hair samples for this study, hairs pulled that were 
found to be in the anagen phase were used for this study. This is because these hairs are 
in the height of growth and melanogenesis occurs in this stage. 
9 
1.5 Pigmentation Analysis 
Coat color variation and the genes that control them are a very prominent aspect 
of phenotypic diversity within and among different mammalian species. With this in 
mind, previous studies have looked at different variations in primate pelage as well as 
rodent pelage [7, 22, 23] in order to try and pin point which genes are responsible for the 
different variations in coat coloring within a taxa. 
One such paper that focuses on pelage pigmentation in rodents is the Steiner et al 
(2007) study that focused on the relative gene expression levels of MC1R and Agouti 
using qRT-PCR in two subspecies of the P. polionotus mouse. Each subspecies had a 
different wild-type coat color; P.p. leucocephalus (beach mouse) had white, while P.p. 
subgriseus (mainland mouse) had brown. Also included was the sister species P. 
maniculatus (deer mouse) that also had brown pigmentation to see if expression patterns 
of both genes are derived or ancestral [22]. 
Their results showed that Agouti expression was upexpressed in tissues from 
beach mice (white coat color) than in mainland mice (brown coat color) or in deer mice 
(the ancestral relative also having brown pigmented fur). The expression of Agouti being 
lower in both mainland and deer mice show that the difference in expression is derived 
and not ancestral. The MC1R gene did not show any significant difference in expression 
levels in any of the tissue samples from all three species. Figure 1.4 below shows the 
expression levels of both the Agouti and MC1R qRT-PCR data. 
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Figure 1.4: qRT-PCR Expression levels of MC1R and Agouti in beach mouse (white), 
mainland mouse (brown) and deer mouse (black). A * denotes significant difference in 
expression. The five difference sections are different areas on the mice that tissue samples 
were taken. Image adapted from Steiner et al paper [8]. 
Other studies such as the Bradley et al and Manceau et al studies [7, 22] have 
tracked the expression levels of the Agouti gene in both rodents and non-human 
primates. Agouti has shown to cause melanocytes to synthesize pheomelanin and in turn 
cause a lighter pigmentation. MC1R’s function in melanogenesis has been extensively 
studied in rodents, non-human primates, and humans [7, 23, 24]. The fact that this 
particular gene has been conserved across multiple species, and even more so between 
humans and non-human primates, shows why it is so relevant to test these genes in 
animals prior to testing in humans. This high conservation allows us to use animal 
models when human samples are not available and reliably correlate the results of these 
genes to their human homolog. 
There has not been much analysis of comparative gene expression in non-human 
primate pelage; however, a study performed by Bradley et al (2012) focused on the 
relative gene expression levels of MITF, MC1R, MGRN1, ATRN, SLC24A5, TYRP1, and 
11 
DCT using qRT-PCR in different pigmented pelage samples in rhesus macaques (Macaca 
mulatta) [7]. They found no significant difference in the level of expression between 
light, medium, and dark hair colors in any of these target genes to conclude that they do 
not have a significant effect on the amount of hair pigmentation in the macaques. The 
relative expression levels of these genes can be seen in Fig 1.5. All P values for each gene 
were estimated using the 2−ΔΔCT method and ranged: 0.13–0.98. The final results for
this study indicated that coat color variation was not due to expression differences in 
these seven target genes. This study also used the 2−ΔΔCT method using the samples
plucked from the Tail region (dark pigmentation) as the reference sample. This method 
allowed us to set the other two samples (light and medium pigmentation) fold change 
relative to the tail samples. 
Figure 1.5 Relative expression of candidate genes in dark (black bars), intermediate (light brown bars), 
and light (white bars) hair tufts from rhesus macaques. Relative expression values are based on qRT- 
PCR data, normalized with beta-actin and calculated following Steiner et al. study [7]. 
Something particularly notable about the Bradley et al (2012) study is that they 
had a gene of interest that failed to amplify during qRT-PCR. The gene in question that 
they could not get quantifiable PCR results for was ASIP, agouti signaling protein, gene. 
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It was stated that this failure could be due to custom primer design and PCR conditions, 
or that the expression levels of the ASIP gene was too low to quantify in the hair samples 
that they used. This shows there can be difficulty in designing the right area within the 
gene of interest to create a custom qRT-PCR primer/probe set with the right conditions to 
give quantifiable results. Following in the steps of Bradley et al (2012), this part of the 
research focuses on the difference in expression in genes that can be associated with hair 
pigmentation. 
To fully study melanogenesis and the genes that are associated with this process, a 
candidate list was provided using RNA sequencing data that was aligned to the human 
transcriptome due to the absence of a published and reliable owl monkey genome. 
Candidate genes that showed significant difference in expression between the three body 
regions: head, back, and tail, of the owl monkey was produced from the analysis of 4 owl 
monkeys. 
Table 1.1: Candidate Genes for Pigmentation Analysis. Gray genes are up-expressed in tail, 
orange genes are up-expressed in belly 
The RNA-sequencing data not only generated a candidate list of genes to test for 
pelage pigmentation, but also the level of expression patterns in the three body regions. 
As seen in Table 1.1, 17 genes on the candidate list have been bioinformatically 
hypothesized to have increased expression in the tail/dark hairs compared to the 
back/brown and belly/orange hairs. The other 15 genes have been bioinformatically 
hypothesized to have higher expression in the back and belly samples compared to the 
tail. 
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Many of these genes have been previously studied and play a role in pigmentation 
in hair in other species of animals and humans. For example, Tyrosinase (TYR), 
Tyrosinase Related Protein 1 (TYRP1), Transient receptor potential cation channel 
subfamily M member 1 (TRPM1), G Protein-coupled receptor 143 (GPR143), Pre- 
melanosome protein (PMEL), KIT proto-oncogene receptor tyrosine kinase (KIT), KIT 
Ligand (KITLG), Plexin C1 (PLXNC1), and Solute Carrier Family 16 Member 1 
(SLC16A1) have been previously associated with pigmentation and the melanogenesis 
pathway. TYR is one of the most important enzymes in the melanogenesis pathway, 
whose disruption can cause loss of pigmentation and silenced mutation can cause 
albinism. TYR and its stabilizing chaperone-like protein, Tyrosinase Related Protein 1 
(TYRP1), work to hydroxylate tyrosine to L-3,4-dihydroxyphenylalanine (DOPA) which 
is then converted DOPAquinone [25]. TRPM1 encodes for a cation channel expressed in 
melanosomes [26]. GPR143 is involved in intracellular signal transduction and that is 
activated by L-DOPA and functions in the pigmentation pathway [27]. PMEL is a 
melanocyte-specific transmembrane glycoprotein, and has been previously been 
associated with silver pelage in mice [28]. KIT is a transmembrane tyrosine kinase 
receptor has been shown to be allelic with the white spotting locus on mice[29], and 
KITLG controls the survival of KIT expressing melanocytes by regulating melanin 
migration, melanocyte proliferation, and differentiation as well as activates keratinocytes 
to produce promelanogenic factors [30, 31]. PLXNC1 is a SEMA7A receptor which 
regulates dendrite extension in melanocytes [32]. A previous study also showed that 
PLXNC1 was upregulated in individuals with graying hair compared to those who had 
dark brown hair [33]. Although its function in the pigmentation pathway is not fully 
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clear, SLC16A1 has previously shown to be down regulated in chickens with lighter 
plumage compared to those with darker [34]. The function of MLANA isn’t completely 
clear, however, it has been widely studied and has been associated as a melanoma-
specific antigen and a melanosome-specific marker [35]. SLC16A9 is in the same family 
as SLC16A1 and can have a similar association with melanogenesis as SLC16A1. Solute 
carrier family 2 (facilitated glucose transporter), member 8 (SLC2A8) belongs to the 
solute carrier 2 family and is a glucose transporter with an unusual and still researched 
tissue-specific gene expression [36]. SLC30A1 is a zinc transporter, SLC7A5 is a 
glycoprotein associated amino acid transporter, SLC6A14 is a sodium and chlorine 
dependent neurotransmitter symporter, SLC34A2 is a type-II sodium/hydrogen phosphate 
co-transporter, and SLC1A2 is a glutamate and neutral amino-acid transporter [37]. 
Upregulation in SLC1A2 has been associated cytotoxic damage to neurons. This 
association was found in patients with schizophrenia [38]. Transmembrane Protein 139 
(TMEM139) is proposed to be involved in intracellular kidney anion exchanger 1 
trafficking [39], however its role in the pathway of melanogenesis is still unknown. 
Chromosome 6 open reading frame 11 (C10orf11) is a melanocyte differentiation gene 
localized in melanoblasts. A previous study showed that a mutation in C10orf11 causes 
albinism in humans [40]. Interferon Regulatory Factor 2 (IRF2) has not been extensively 
studied, however, it belongs to the same family as Interferon Regulatory Factor 4 (IRF4) 
has been investigated in pigmentation. Downregulation of IRF4 has shown to be 
associated with lighter hair colors [41]. Although not seen in the pigmentation pathway, a 
previous study has shown mice lacking the Slit Guidance Ligand 3 (SLIT3) gene 
developed congenital diaphragmatic hernia, which causes mortality in infants. SLIT3 is 
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predominately expressed is the mesothelium during embryonic development [42]. SNX1 
functions as an endosome to Golgi-apparatus transporter [43]. VAMP2 is associated with 
vesicle docking and fusion. MicroRNA 29b-2 (MIR29B2) functions as a tumor 
suppressor and induces apoptosis [44]. Transmembrane protein 50b (TMEM50B) is an 
intracellular membrane protein expressed in the brain during development and has been 
shown to over-express during cerebellar development in mice models with Down 
syndrome [45]. Not much is known about Vesicle Amine Transport Protein 1 Like 
(VAT1L) except for that it has been proposed to participate in the oxidation reduction 
process [46]. Solute Carrier Family 25 member 23 (SLC25A23) has not been extensively 
studied, but its paralog SLC25A25 functions to catalyze the electroneutral exchange of 
adenine nucleotides [47]. BCL6 corepressor like 1 (BCORL1) is involved in the 
repression of E- cadherin, a known CtBP target, however its full function in repression is 
yet to be known [48]. Interferon Regulatory Factor 2 Binding Protein 2 (IRF2BP2) 
interacts with the C-terminal of IRF-2 and is a co-repressor with IRF2BP1, however its 
full biological function is still unknown [49]. 
1.6 Hair Structure Analysis 
Hair morphology is one of the most distinct physical traits among human 
populations [50]. Among the European population alone, approximately 45% individuals 
have straight hair, 40% have wavy hair, and 15% have curly hair [9]. The problem, 
however, is that there has not been a significant amount of research performed to clarify 
exactly which genes control the different types of hair morphology, particularly 
quantitative measures of morphology. Between human populations, there have been a 
few genes that stand out, such as the EDAR and FGFR2 genes associated with thick, 
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straight hair in Asian populations [51]. However, the research for determining the 
expression levels of known hair morphology associated genes between individuals with 
straight, wavy, or curly hair in European populations is still very novel. Previous studies 
have focused on the macro- and microscopic differences in hair structure and 
morphology, such as diameter, shape of cross-section, and level of moisture [52, 53]. 
While understanding the physical differences between individual’s hair morphology is 
important, this part of the study focuses more on the molecular differences in genes that 
can be associated with hair structure and morphogenesis. 
One such gene of interest is the Trichohyalin (TCHH) gene. TCHH is expressed in 
the inner root sheath of the hair follicle and parallels the distribution of the EDAR variant 
in Asian populations. It functions as an intermediate filament protein between the inner 
root sheath and cortex of the hair shaft during the anagen phase [54]. It forms multiple 
crosslinks with itself and other structural proteins, such as keratin intermediate filaments, 
to give strength to the hair [55]. Medland et al (2009) performed a GWAS study that 
found TCHH to account for approximately 6% of variance in hair morphology in 
Europeans [56]. With TCHH displaying 6% variance within European populations, qRT- 
PCR analysis was performed to track gene expression with samples of different hair 
thickness and morphology. 
When microscopically analyzing the owl monkey hairs, it was determined that the 
tail/dark hairs were significantly thicker in diameter than the orange/belly hairs. 
Concurrent RNA-sequencing data analysis performed on the same owl monkey samples 
by the laboratory highlighted several genes that showed significant gene expression 
differences depending on the location and thickness of the hairs. To propose novel 
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candidate genes for hair structure association investigation in humans beyond those 
mentioned in the previous paragraph, qRT-PCR analysis was performed on the hair 
structure candidate gene list on additional owl monkey samples to confirm their 
significance. These genes are: Caspase 14 (CASP14), Cytoskeleton Associated Protein 4 
(CKAP4), Calponin 1 (CNN1), Keratin 8 (KRT8), Keratin 32 (KRT32), Keratin 73 
(KRT73), Keratin 78 (KRT78), RAS oncogene family member 29 (RAB29), Serine 
Proteinase Inhibitor Clade B Member 7 (SERPINB7), and Solute Carrier family 7 
member 11 (SLC7A11). CASP14 is found in keratinocytes but its true function between 
keratinocytes and the epidermis or hair follicle is still unknown [57]. CKAP4, otherwise 
known as p63, is a protein transporter between the rough endoplasmic reticulum and the 
Golgi apparatus [58]. CNN1 is an actin filament- associated regulatory protein and shown 
to be up-regulated in smooth muscle tissues during development [59]. KRT8 and KRT78 
are type II epithelial keratins that form filaments in epithelial cells and plays a role in 
maintaining cell structure [60]. KRT32 and KRT73 are type I hair keratins that are 
expressed in the inner root sheath of hair follicles and are responsible for the structural 
integrity of the hair [61]. RAB29 is co-located with TYRP1 and is hypothesized to be 
involved in the intracellular transport of the TYRP1 protein [62]. SERPINB7 participates 
in tissue integrity by maintaining extracellular matrix homeostasis and loss of expression 
is hypothesized to lead to loss of cell adhesion and integrity [63]. Lastly SLC7A11 is a 
major genetic regulator of pheomelanin and controls the production of the pigment 
directly [64]. 
18 
1.7 Microscopic Analysis of Human Hair Morphology 
Human hair analysis has been exploited by criminal investigators as evidence for 
over 50 years [50]. Although many microscopic features can be deduced by using 
microscopic practices, it usually cannot be identified as exclusively belonging to one 
person [50]. Regardless, microscopic analysis provides researchers and investigators 
alike with valuable information. This type of research has emphasized the variability in 
hair phenotypes between human ethnic groups, as well as linking the amount of curl an 
individual’s hair has to the thickness of the hair shaft [15]. Much analysis has gone into 
ranking hair thickness and curliness [9, 65-67]. There are currently five different 
parameters to measure an individual’s hair curliness [9, 66]. The current quantifiable 
measurements that can be taken of an individual’s hair is: hair thickness (diameter), curl 
diameter, curl index, wave count, and twist count. These are further mentioned in the 
methods section for microscopic hair analysis. 
The first parameter is the measure of thickness of the hair shaft. This is done by 
measuring the width of the hair shaft using a microscope. The second parameter uses a 
CD meter to measure the curl diameter. Using a curve diameter (CD) formula first used 
by Bailey and Schliebe [65], the CD of the hair can be measured. Loussouarn et al, came 
up with a simplified CD arch meter to place on a transparency to measure hair [9]. Figure 
1.6 is what the CD arch meter looks like. If the hair’s curl fits within one of the arches the 
hair falls into the I-IV category of hair. If the hair’s curl is small enough to fit in the blue 
half- circle then the 2-4 parameters are used to figure out if the hair is category V-VIII. 
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Figure 1.6: The CD Meter showing ranges I-IV. Anything fitting in 
the blue region falls under ranges V-VIII 
When CD is measured, if the hair fits within the CD meter, then the hair is ranked 
I-IV according to which arch it fell under. If it fits in the blue shaded region of the CD
meter, then the third parameter, which is the curl index (i), is used. This denotes the ratio 
of the length of the hair fully stretched to 6 cm to its length at natural rest. 
All hair samples that are measured in the third parameter are also measured using 
the fourth parameter. The fourth parameter is the highest number of waves (w) when the 
hair is pulled to four-fifths its full length. Using these methods to further understand the 
differences between hair morphologies, as well as the genes that control them, enhances 
our understanding of the genotype-phenotype relationship between these genes and the 
physical characteristics they control. Understanding these differences can provide further 
research to improve the already used statistical modeling tools for phenotype prediction, 
such as the use of FDP for criminal investigation. 
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CHAPTER 2. MATERIALS & METHODS: OWL MONKEY 
ANALYSIS 
2.1 qRT-PCR Materials and Methods 
2.1.1 Owl Monkey Sample Collection 
Hair tuft samples were collected from five owl monkeys housed in a sanctuary 
funded by MD Anderson. For each owl monkey, samples from many different regions of 
the body were taken. The three regions of interest for the course of this study were the 
back, belly, and tail region. The importance of these areas is due to the fact that owl 
monkeys have different pelage pigmentation depending on the area of the body hair is 
sampled from. Just like the rhesus macaques, owl monkeys have a light orange coloring 
on their bellies, an intermediate or light brown coloring on their backs, and a dark black 
coloring on the distal end of their tails. This allows us to analyze the gene expression 
levels of all the target genes within a single monkey. Each body region gave three hair 
tuft samples in order to make sure there was enough sample for duplicates during qRT- 
PCR analysis as well as the consequential color classification and RNA extraction. All 
hair tuft samples were stored in sterile microtubes containing RNAlater solution 
(Ambion). 
2.1.2 Color Classification and Quantification via Spectral analysis 
Initial color phenotype classification was done visually in order to avoid excess 
handling of samples prior to RNA extraction. After RNA extraction was completed, the 
hair tufts from all samples could be handled directly, without worrying about RNA 
degradation. RNA-later does not affect the hair shaft’s pigment or its hair structure, so 
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working with the samples after extraction had occurred did not cause worry that the hair 
tuft’s physical characteristics were changed during extraction. More qualitative 
phenotyping was performed microscopically to see if there are any significant color and 
structural differences between the three regions tested. In order to quantify the hair color 
phenotype, the reflectance of each sample was measured using the Konica Minolta 
spectrophotometer and the CM-SA Skin Analysis Software. For each sample, the tufts of 
hair were gathered in a bundle and placed on a clean white background. All samples were 
measured at the same time and under the same lighting conditions. Five independent 
spectral measurements along the hair shafts were taken for each sample. 
Each measurement captured the transmission values between 400-700 nm, and the 
reflectance was calculated as the normalized sum of the area under the curve [7]. Average 
reflectance values were then calculated for each region/color phenotype (Belly/Light, 
Back/Intermediate, Tail/Dark). Once the averages were calculated, an analysis of 
variance (ANOVA) was performed to check for significant differences among all three 
regions, and a Tukey’s HSD (honest significant difference) post hoc test was performed 
to check for significant differences in reflectance between each region (Back-Tail, Belly-
Tail, Back-Belly). 
2.1.3 Selection of Target Genes for Pigmentation and Hair Structure Analysis 
In a concurrent study in our lab, RNA-sequencing data gathered from four owl 
monkeys had been compiled to examine the transcriptional profile of each of the different 
body regions among each Owl Monkey. From this expression data, a list of candidate 
genes was generated for both hair pigmentation and structure. In total 43 genes were 
assessed for this study using qRT-PCR, 32 for pigmentation analysis and 11 for hair 
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structure analysis. (See Appendix A for details on all targets and their primers/probes). 
Based on previous RNA-sequencing data, 17 pigmentation genes showed 
increased expression in the tail/black samples, and 15 pigmentation genes showed 
increased expression in the belly/orange samples. For the hair structure RNA- sequencing 
analysis, four genes showed increased expression in the belly samples, and six genes 
showed increased expression in the tail samples. In addition to the ten genes chosen from 
the RNA-sequencing data, trichohyalin (TCHH) was also chosen to run confirmatory 
qRT-PCR analysis for hair structure based on previous studies [56]. Confirmatory qRT-
PCR analysis was performed on these 43 genes in an additional set of five owl monkey 
samples, using hairs from three separate sites on the body. These samples were not 
involved in the previous RNA sequencing analysis. 
2.1.4 Primer Design for Taqman™ Primers and Probes 
Primers for each candidate gene was custom designed (synthesized by Metabion) 
based on conserved regions in human, chimpanzee, and marmoset. The following 
guidelines were used when designing the custom primers and probes to ensure PCR 
efficiency: 1) A GC content between 45-60%; 2) similar temperature range for forward 
and reverse primers, and the corresponding probe had a melting temperature 4-8° higher 
than the corresponding flanking primers; 3) for every gene, one of the primers was 
designed to span an exon-exon junction to minimize the possibility of genomic DNA 
being amplified; 4) primers and probes avoid runs of 3 or more G’s or C’s at the 3’ end, 
and 5) the probe did not interfere with the primers by being too close to the flanking 
primers. Once the primer and probe sequences were identified, they were BLAST 
searched against a custom-made database using owl monkey sequences that were created 
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in house. Lastly, all primers and probes of each gene were checked to see if they would 
dimerize to themselves or to other primer/probe sets (AutoDimer). This last check is 
particularly important, because each gene was put in a duplex reaction with a 
housekeeping gene. 
2.1.5 Selection of a Housekeeping Gene as an Internal Standard 
As well as performing quantitative analysis on the designated genes for this 
project, a housekeeping gene, which has stable expression that allows quantification of 
the gene expression of target genes, must also be quantified and analyzed. The ideal 
control should have a constant transcription level under different conditions and is 
sufficiently abundant across different tissues and cell types [7]. For this project, the 
housekeeping gene chosen was the TATA-Box binding protein (TBP) gene. In a recent 
study, Life Technologies tested multiple housekeeping genes on multiple samples of 
human and mouse to test their variant expression levels. From their data, the 
housekeeping genes with the lowest standard deviation and shown across most tissues 
and cell types were TBP and 18S (Eukaryotic 18S ribosomal RNA). The smaller the 
standard deviation, the lower the variability across all the samples tested. To assess if 
TBP could be used as a viable housekeeping gene with the owl monkey samples, the 
conservation of TBP’s sequence was assessed by BLAST searching its transcripts across 
the in-house owl monkey genome. This analysis showed that TBP was well conserved in 
owl monkey genome. As well as being highly conserved in the owl monkey genome, 
TBP is also present in all cell types in both the owl monkey and the human genome. This 
ensures that regardless of which type of cells are analyzed, TBP should have a constant 
rate of expression. 
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2.1.6 RNA Extraction 
Before the RNA extraction was done, each hair tuft was transferred from its 
original tube containing RNAlater solution to a new, labeled 2 ml tube using sterilized 
forceps. After transferring the hair tufts, the RNeasy® Micro Kit (Qiagen, NV) was used 
to isolate RNA from the follicles. The manufacturer’s instructions were closely followed, 
with the exception of the following modifications: after adding 350 µl of buffer RLT and 
5 µl of Proteinase K to the tubes in step two of the Qiagen manufacturer’s protocol, the 
hair was homogenized by crushing/stirring the hair tufts with a sterile glass rod and 
vigorously vortexing the hair/solution mixture for 15 seconds. After doing so, the mixture 
was centrifuged for 3 minutes and the supernatant was carefully removed into a new, 
sterile 1.5 ml microtube. After being transferred into a new tube, the procedure continued 
on step 4 of the manufacturer’s protocol. To minimize the risk of amplifying genomic 
DNA in the qRT-PCR reaction, a DNase digestion step was performed as recommended 
in the RNeasy® Micro Kit. After extraction, the RNA was eluted in 17 µl of RNase-free 
water. To assess the concentration of the RNA, 1 µl of the extracted RNA was used on a 
Qubit 3.0 Fluorometer (ThermoFisher). After the concentration for each sample was 
taken, all samples were normalized to 1 ng/µl. Normalizing all samples to the same 
concentration reduces stochastic differences between samples. 
2.1.7 cDNA Synthesis 
First strand cDNA synthesis was then performed on the extracted RNA using 
qScript XLT cDNA Supermix (Quanta Biosciences, MD). For each cDNA synthesis, 4 µl 
of each RNA template was used, 4 µl of qScript reaction mix, and 16 µl of water for a 
total of 20 µl/reaction. The following amplification conditions were used for synthesis on 
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an Eppendorf Mastercycler Nexus GX2: 25°C for 5 minutes; 42°C for 60 minutes; 85°C 
for 5 minutes. 
2.1.8 Quantitative PCR and Relative Expression 
The cDNA templates were then amplified using real-time quantitation PCR (qRT- 
PCR). To normalize gene expression for all the candidate genes, a housekeeping gene 
(TATA-box Binding Protein, also known as TBP) was also amplified along with the 
candidate genes in a duplex reaction. 
The qRT-PCR reaction mixture (10 µl total volume) was the same for all loci and 
contained: 5 µl TaqMan® Multiplex Master Mix (ThermoFisher), .5 µl of both TBP and 
the candidate gene’s primers (750 nM), 1 µl of both TBP and the candidate gene’s probe 
(250 nM), and 1 µl of cDNA template. Amplification conditions on the ABI 7500 Real- 
Time PCR system (Applied Biosystems) were as follows: a temperature hold at 50°C for 
2 min, denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 
60°C for 1 min. All qRT-PCR reactions were performed in duplicates with results being 
consistent across the replicates. Each run also contained multiple negative controls (no 
cDNA template) to ensure no outside contamination occurred during reaction set-up. 
2.1.9 qRT-PCR Data Analysis 
All qRT-PCR data was analyzed following similar studies of gene expression in 
Macaques [6]. For each sample, the average threshold cycle (CT) for all duplicates was 
calculated. All CT values of the target genes were then normalized using the average CT 
value of the housekeeping gene (TBP): ΔCT = CT (Target gene) – CT (TBP). Lower CT 
values represent higher expression levels. Next the ΔΔCT was calculated using the 
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following formula: ΔΔCT = ΔCT (Back/Belly) – ΔCT (Tail). For all calculations, 
normalized expression values were measured relative to the tail region due to it being the 
darkest phenotype (black). To better represent the amount of expression in all three 
regions, the 2-ΔΔCT method was used [68].
Statistical significance was assessed by first evaluating the data for normality 
using the Shapiro-Wilk’s Test and homogeneity using the Levene’s Test. All genes either 
violated homogeneity or normality; therefore, violated the assumptions of a one- way 
ANOVA. A Kruskal-Wallis analysis of variance for nonparametric data followed by 
Dunn’s Post Hoc tests with a Bonferroni correction was performed on all data (adjusted 
alpha = 0.05). This was all performed using R v.3.2.2 [75] with an alpha level of p<0.05. 
2.2 Owl Monkey Hair Microscopy Analysis 
For each sample, three hairs were mounted on a slide and observed under a 
Polarization Leica DM4 P Microscope (Leica, Germany). Quantitative and qualitative 
observations were made for each body region of the monkeys. All samples were 
observed, photographed, and hair shaft width was measured using the ocular scale 
divisions (OSD) that are superimposed on the eye piece of the microscope. 
To guarantee that all measurements made using the OSDs were accurate, each 
objective on the microscope was calibrated using a glass slide with a micrometer ruler on 
it, and measuring how many OSDs it took to reach a certain length on the slide. Table 2.1 
shows the measurement lengths for one OSD for each objective on the microscope. For 
example, if a hair observed under the 40x objective is 32 OSDs across, then the width of 
the hair is 80 µm long (32 OSD x 2.5 µm/OSD = 80 µm). 
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Table 2.1: Scale used for each objective when measuring the width of the hair shaft for each 
sample 
To ensure the truest color from the pictures taken of each hair sample, the 
ChromaCal datacolor calibration system was used (Chromacal Inc, CA). For this to work 
correctly, the program should be downloaded and used on the same computer system that 
is connected to the microscope camera. The calibration instrument first scans the ambient 
light in the room where analysis is taking place to make sure that the room isn’t too 
bright or dark when taking pictures. This is to avoid glare on the glass slides that the 
samples are on. Next, a color calibration slide is placed under the microscope. This is the 
first picture taken. Once a picture of the color grid on the slide is taken, the following 
pictures are of the hair samples. One thing to note is that once the settings on the 
microscope have been set for the color slide (such as light intensity, angle, and which 
objective is used) all pictures of subsequent samples must be used in the exact same 
settings. This lowers the chances of light variation that could affect the color output of the 
samples. After pictures of all samples have been taken, the Chromacal’s datacolor 
software is run, and each sample picture is calibrated according to the color calibration 
slide picture that was taken first. An example of a before and after can be seen below in 
Fig 2.1. 
Figure 2.1: The photo on the bottom is a belly hair from an Owl Monkey before photo calibration, and the 
photo on the top is the same belly hair after photo calibration. There is a stark difference in the color of the 
hair shaft, the uncalibrated lacks almost all orange pigmentation, while the calibrated photo shows the 
bright orange pigmentation in the hair. 
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CHAPTER 3. MATERIALS AND METHODS: HUMAN SCALP 
HAIR STRUCTURAL MORPHOLOGY 
3.1 Microscopic Analysis 
3.1.1 Volunteers and Sampling 
For this part of the study, volunteers were needed for hair pigmentation and 
structural morphology phenotyping. All study participants gave their informed consent 
for this study (IRB 1409306349). The only criterion for this specific study was to have 
hair without any perm, straightening, or relaxing treatments, as well as artificial dyes. For 
the people who volunteered for this study, approximately 5-10 hairs were pulled from the 
vertex of the head. This is to be done carefully, so as to not pull the root off the hair and 
to keep it intact. The hair samples are carefully bagged and logged for each individual. 
Gloves and a sterile pair of tweezers were used to obtain the hairs. The samples were 
stored in sterile zip-lock bags without any buffers and were stored at room temperature, 
in order to ensure the integrity of the hairs were intact for microscopic analysis. 
3.1.2 Hair Structure Morphology Analysis 
Three hairs were taken from the sample the volunteers previously gave. After a 
protocol of washing, rinsing, and drying the hairs were cut 6 cm from the root [9]. This is 
to get rid of any hair products that may affect the natural structure of the hair. After 
cleaning and cutting the hair, four parameters [9, 65, 67] were used to measure each hair 
on their amount of curliness for the microscopic hair structure analysis [9]. For this study 
8 categories of curliness were used. Rank 1 being the least curly (or just straight) and 
Rank 8 being the curliest (or very kinky) [9, 65]. 
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The first parameter used a CD meter to measure the curl diameter. The first step 
was to lay the cut hair on a glass plate without any outside or mechanical stress. This was 
done to best maintain the hair’s natural shape. Then a second glass plate was carefully 
placed on top of the hair to keep it two-dimensional. Once the hair was placed between 
both plates, the CD was measured [9]. Measurements from three hairs per person were 
taken to get an average curve diameter. To make this a little easier, Loussouarn’s CD 
arch meter was used by placing a transparency that had a pre- determined CD meter on it 
to measure the hair on the glass plates [66]. 
After the CD was measured in parameter 1, then the second parameter, which is 
the curl index (i), was used. This denotes the ratio of the length of the hair fully stretched 
to 6 cm to its length at natural rest. Past studies have only measured the curl index (i) if 
the hair fell inside the blue circle in the CD meter; however, for this study all hairs were 
measured in both the first and second parameter. This way there are at least three 
different measurements for all hair, and four measurements for very curly hair. To get the 
measurements for (i), the hair was laid on the glass plane that was used from the CD 
meter to sit at its natural “at rest” length. The distance to both ends were measured and 
that length was divided by 6 cm, which is the length of the hair full stretched out. After 
all three hairs from each person was measured, an average curl index was taken. The 
closer the curl index is to one the straighter the hair, and vice versa with the hair being 
curlier the closer the curl index was to zero. 
All hair samples that fell inside the blue circle for the CD meter were also 
measured using the third parameter. The third parameter is the highest number of waves 
(w) when the hair is pulled to four-fifths its full length of 6cm. To get these
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measurements, the top glass plate was removed and the hair was taped on both ends of 
the bottom plate. The distance between both pieces of tape is fixed at 4 cm. The cover 
plate is replaced and the wave crests formed by the hair were counted [9, 65]. 
After the sample was measured using the first three parameters, the hair was 
measured using the fourth and last parameter, which is measuring the thickness of the hair 
shaft using a microscope. A single hair from each individual was placed on a clean glass 
slide and placed under a compound light microscope. Just like the width was observed for 
the Owl Monkey hair samples, the human hair samples were all measured under the same 
objective on the compound light microscope and the width of the hair shaft was recorded 
using the OSDs on the microscope. Three hairs were measured in the middle of the hair 
shaft and the average of all three hairs was recorded. Then using a Leica DMC4500 camera 
(Leica-Microsystems) that has been placed on the microscope, a picture of the hair was 
uploaded to the computer. To ensure the most accurate color depiction in the photos of 
each sample, the ChromaCal (Scientific Datacolor, CA) color calibration system was 
used on the pictures to ensure the color was as true as possible. 
3.1.3 Color Calibration and Hair Microscopy Photos 
The same type of calibration used on the Owl Monkey hair samples was performed 
on the human scalp hair samples. Figure 3.1 below shows an example of the difference 
between a human scalp hair before and after calibration 
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      Figure 3.1a: Before Calibration         Figure 3.1b: After Calibration 
3.2 Hair Structure Photo Analysis 
All 45 individuals who gave a hair sample also had a photograph taken of their 
hair falling naturally on their head. The purpose of this was to compare the microscopic 
results of the hair (thickness and curliness) to the macroscopic observations in the photo. 
If a consistent correlation between both micro and macroscopic observations can be 
found, this set of 45 can work as a training set that allows us to classify an individual’s 
hair morphology when only a photo is available.  
In order to perform macroscopic analysis on the hair photos of the individuals, a 
hair analysis computer program is needed. For this study, the ICY© bioimaging analysis
software was used (icy.bioimageanalysis.org).
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3.2.1 Recording Hair Width with ICY©
To start, the image of the individual was uploaded to the ICY© Bio-imaging
software. Only one image can be opened at a time, so as to not over work the software. 
Once the image was opened, the following was performed on the pictures. All images in 
the training set also had an ID tag with a pre-determined length and width, to use as a 
scale to measure the width of the hair. 
1. Set the scale of measurement for the picture by measuring the width of the ID
tag in the picture and writing the known distance down in the measurement
tool. The width of the ID tag is 25,400 µm and the length is 66,600 µm. This
can be seen in figure 3.2.
Figure 3.2: The red boxes show the measurement line made on 
the tag and where to set the known distance in the set scale box 
2. After setting the scale, zoom in on the hair in the picture and find hairs that
are by themselves and still have enough resolution to make a measurement.
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3. Draw a line across the hair, click on the analyze button, then click measure.
A small box will appear with the length of the line that was drawn across the
width of the hair. Do this three times with multiple hairs to get an average
hair width for the individual in question in the photo. Once you get three
measurements, click the summary option in the measurement box to get the
average hair width. Figure 3.3 below shows the results from the photo in figure
3.2.
Figure 3.3: The yellow lines and numbers indicate which measurement responds to 
the reading in the results box on the bottom. The red box on the right shows the 
measurements and the long red box in the middle is the average width for all three 
hairs. 
4. Once the measurement for hair width is taken, save the results and move on
to the next picture.
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3.2.2 Recording Curl Diameter for Individuals with Curly Hair 
For individuals with naturally curly hair, the diameter of the curl was measured 
using the ICY bioimaging analysis software©. This proved to be more difficult, because
only a small number of people from the 45 individuals in the training set had naturally 
curly hair that was not straightened, weaved, or had permanent relaxers in it. Those with 
any of the aforementioned treatments to their hair could not be used in photo-analysis due 
to the fact that it was not their natural hair. However, those who did have naturally falling 
curls during the time of collection were used in the training set. Just like measuring the 
width of the hair, the picture was opened in the ICY bio-imaging software© and the
measuring scale was set using the ID tag as a reference. The difference, however, is how 
the hair was measured. If the curl of the hair fell in waves, then the measurements went 
from the top of one wave to the bottom of the next on the same hair. If the curl of the hair 
was in tight rings, then the diameter of the rings was measured. Figure 3.4 shows both an 
individual with waves comparted to an individual with tight rings and how the 
measurements were taken for both. 
Figure 3.4: On the left is an individual with naturally wavy to curly hair, and the right is an individual with 
naturally very curly to kinky hair. The measurements on the left start from the top of one wave and end at 
the bottom of the next wave, and the measurement on the right goes straight across the ring of curl 
35 
3.2.3 Statistical Analysis to Link Microscopic and Photo Hair Observations 
Once measurements for the training set of 45 individuals for both microscopic 
analysis and photographic analysis were completed, the next step was to see if the 
measurements correlated enough to have the ability to use one measurement or the other 
when only one type of analysis is available. This was done by taking the average hair 
width for both the physical sample and the photograph, then running a Pearson’s R 
correlation test on all the samples in the test set, as well as a t-test to see if there was a 
significant difference between the width measured in the photo and the width measured 
under the microscope. Pearson’s R was chosen for analysis, because it measures the 
strength of linear relationship between two independent variables. The two variables in 
this instance being the average width recorded from microscopic analysis, and the 
average width recorded from the photo-analysis. When using Pearson’s R correlation, the 
coefficient can range from 1 to -1. The closer the coefficient is to 1 or -1 the stronger the 
correlation. If the correlation coefficient is positive then there is a positive correlation 
between the two variables and vice versa if the coefficient is negative. The closer the 
coefficient is to 0, the less correlated the two variables are to each other. For this study, 
the two variables needed to have a high correlation coefficient to give confidence when 
only one type of measurement is available. A high correlation between the micro and 
photographic hair width measurements will allow further studies that only have 
photographs to confidently gather quantifiable data from hair pictures. All statistics were 
generated using R v.3.2.2 with an alpha level of p<0.05. 
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3.2.4 Statistical Analysis to Link Micro and Photo Curly Hair Observations 
Just as the physical hair samples from the test set were measured for their shaft 
width, three other parameters were also measured to assess the individual’s curliness. The 
purpose of this was to see if one of the parameters could be linked to any quantifiable 
measurements taken from the photos of the individuals who have curly hair. 
The first parameter for curl measured was the curl diameter. Loussouarn’s CD 
arch meter was used, as seen in Figure 3.1, to measure the curl diameter for each 
individual [9]. For each individual, all three hairs consistently fell in the same CD arch, 
making it easier to make observations for everyone. The second parameter was also 
measured for all individuals in the test set who gave physical samples. Of the 45 
individuals, only 5 people had hair curly enough to use the third parameter (w), so the 
wave count was not helpful as a quantifiable observation for the test set. The tables in 
Appendix I show the results for all the individuals in the test set and their microscopic 
measurements for the CD meter, curl index, and wave count. 
After both microscopic and photographic analysis for curl was completed, the 
individuals with curly hair were run through a Pearson’s R correlation and T-test to see if 
a there is a strong enough correlation between the both measurements. Of the 45 
individuals in the test set, 15 people had naturally curly hair that was not chemically 
altered in any way that could affect the results. The first correlation test was between the 
ICY© photographic curl and the CD meter measurements. The second correlation test
was between the ICY© photographic curl and the curl index measurements.
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CHAPTER 4. RESULTS AND DISCUSSION: OWL MONKEY 
ANALYSIS 
4.1 Color Classification Using Spectrophotometry 
Spectral measurements showed to be consistent with the initial visual phenotyping 
of the hair tufts. Each hair tuft had its reflectance measured five times to ensure a proper 
estimate of each sample was recorded. The reflectance values differed significantly 
across all three classes (F = 22.8, df = 24, p<0.001) mean and standard deviation: 
light=14.86±1.29; intermediate=11.33±1.12; dark=9.44±1.03). This can be seen in Fig 
4.1 below. 
Figure 4.1: Measurements of Reflectance of each body region. This was quantified using a 
spectrophotometer to correspond to each of the phenotypic categories: Belly (Light coloring), 
Back (Intermediate coloring), and Tail (Dark coloring) 
Other studies on pelage pigmentation of different non-human primate species 
have used similar color classification techniques to further characterize novel primate 
species and subspecies [11, 69]. Notably, one previous study performed a similar spectral 
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analysis of reflectance on rhesus macaques [7]. The results observed with the owl 
monkey samples corroborated with the results observed in a previous study that was 
performed on macaques; however, where they had a significant difference between all 
three regions in the macaques, the owl monkeys show a significant difference only 
between the Back and Belly (p < 0.05) and Belly and Tail (p < 0.05). When comparing 
the spectral measurements between the Tail and Back, there no significant difference in 
the reflectance of the two regions (p = 0.1041). One postulation is that the intermediate 
pelage in Macaques is a lighter shade of brown giving it a higher reflectance in 
comparison to the darker region in the macaques, whereas the back/brown region in the 
owl monkeys is banded with different shades of brown, black, and orange. This banding 
and different shading in the back region could cause the reflectance measurements to 
highly depend on where exactly on the shaft of the hairs the measurements are taken. In 
this case, the measurements were taken in darker regions that resembled the tail/black 
region more than the belly/orange region. 
4.2 qRT-PCR Analysis of the Pelage Pigment Genes 
All samples consistently amplified the housekeeping gene (TBP), which gave 
confidence that sufficient mRNA was successfully extracted from the hair tufts and 
reversed transcribed into cDNA. Of the 32 candidate genes tested, 26 showed high qRT- 
PCR success rates (shown in Table 4.1). Of the 6 that did not, 3 did not amplify at all in 
the back and belly samples while amplifying with high success in the tail samples. Due to 
this, an accurate relative quantification to the tail samples could not be performed. The 3 
candidate genes that had this issue were: TYR, TYRP1, and KIT. It is possible that they 
are not expressed to a high enough degree in the lighter samples of the owl monkey hairs 
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to pass the CT threshold during qRT-PCR analysis, however, the Bradley et al (2012) 
study showed success in TYRP1 in all three hair types in the macaques. Performing 
expression analysis on these three genes with different owl monkeys would help 
determine and confirm if owl monkeys do not essentially express them in lighter 
pigmented hairs. The other 3 genes that were not included in the analysis (GPR143, 
TRPM1, and MLANA) only amplified in some samples while not in others, as well as 
having vastly different CT values. The results from these three genes were too spotty and 
unreliable to give an accurate analysis on them. Because the primers worked for some 
samples and not others, it is possible that there was stochastic variation in the cDNA 
synthesis between the samples due to using random oligos when performing cDNA 
synthesis. 
Table 4.1: Genes that amplified successfully and were assessed for relative gene expression in 
pigmentation. (*) denotes significant difference in gene expression. 
The issue with these 6 genes could also be that there was a problem in the primer 
design. Without a published reference genome of using the owl monkey when initially 
designing the primers/probes, one possibility is that the primers/probes did not properly 
align to the owl monkey cDNA. Another explanation that could have caused the 
primers/probes not annealing to the cDNA during qRT-PCR is the preferential 
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amplification in the cDNA synthesis step. The area of the mRNA that carried these genes 
could have had spotty cDNA synthesis and therefore not have enough product for the 
primers/probes to anneal to in the qRT-PCR step. Repeating the cDNA synthesis on these 
samples could possibly fix this issue. 
TBP (housekeeping gene, HKG) was multiplexed with every set of genes for all 
analyses. The average CT was calculated for TBP for each hair region and all 
amplification data was normalized with the CT of the TBP of the same region. This new 
normalized number is called the ΔCT. For example, the average CT for the TBP in all 
belly samples is 31.237, so if PLXNB1 had a CT of 34.544 in one of the owl monkeys 
then ΔCT=34.544-31.237. PLXNB1’s ΔCT = 3.307. This was done for all genes in all 
three regions. Relative fold change data was generated using the 2-ΔΔCT method. All fold
change values were assessed for significant difference in comparison to the tail/black 
samples. 
In comparing the back, belly, and tail hair tufts, it was found that 22 of the 26 
successful candidate genes confirmed a statistically significant difference in gene 
expression. Ten genes showed significantly higher expression in belly and back regions 
compared to the tail, and twelve genes showed significantly higher expression in the tail 
compared to the belly and back regions. Figure (4.2) shows the expression levels of all 26 
genes with an asterisk (*) denoting those that have a significant difference in expression. 
As seen in fig 4.2, it has been separated by genes that were hypothesized to have higher 
expression in the tail region and by genes that were hypothesized to have higher 
expression in the back and belly regions. The hypothesis as to which genes should 
express higher in which region comes from the RNA sequencing data in the laboratory’s 
41 
concurrent study on Owl Monkeys. Comparisons for each gene break down can be seen 
on Table C.1 Appendix C. The overall p value and significance in expression between 
each region was done using a Kruskal-Wallis non-parametric test as well as a Dunn’s 
Post-Hoc test with a Bonferroni correction.As seen in the table, the back and belly 
regions did not show significant differences between each other. However, when looking 
at back-to-tail and belly-to-tail comparisons, significant difference in expression can be 
seen. 
Of the 26 successful genes that amplified, 4 did not show any significant 
difference in expression levels. This could due to lack of statistical power because there 
is only four samples of each color/region, or simply because there isn’t a significant 
difference in expression between these genes in any of the different samples and those 
candidate genes could not be confirmed in this analysis. 
Eleven genes that successfully amplified (and that were previously hypothesized 
to have higher expression levels in the tail hairs versus back and belly hairs) showed a 
significant difference in expression in favor of the tail hairs. Those genes were: KITLG, 
PLXNC1, PMEL, SLC16A1, SLC16A9, SLC2A8, SLC30A1, SLC6A14, SLC7A5, 
TMEM50B and VAT1L. 
As previously stated KITLG is associated with KIT and controls the proliferation, 
migration, and survival of KIT expressing melanocytes. In both mice and fish studies, the 
loss of KITLG produces white pigmentation, while the heterozygous reduction of KITLG 
causes selective loss in pigmentation [30, 31]. The results from this study can be 
correlated with the results from the studies with both fish and mice. KITLG had high 
expression in the darkest pigmented samples, while it had significantly lower expression 
in the back and belly samples which had much lighter pigmentation. The results here and 
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in the Miller et al study (2007) suggest that changes in the KITLG locus have been 
selected in multiple species, and that its regulation on pigmentation has been conserved 
[30]. KITLG seems to have a strong association with dark pigmentation and the degree of 
dark to light pigmentation is dependent on the levels of its expression as well as the 
expression of KIT. Interestingly PLXNC1 has been previously shown to have higher 
expression in individuals with graying hair compared to their darker pigmented 
counterparts, however for this study, it was upregulated in darker hairs compared to their 
lighter counterparts. It is also relevant to note that PLXNC1 negatively regulates SEMA7A 
which promotes dendritic extension in melanocytes. The increase in PLXNC1 could have 
a negative effect on dendrite formation and extension in melanocytes, and therefore less 
melanosomes and melanin granules carrying pheomelanin can be transferred to the 
keratinocytes that give rise to pigment in hair and skin. Research on PLXNC1 show be 
continued to extrapolate its functional role in the melanogenesis pathway, both in owl 
monkeys and in humans. PMEL has been previously been associated with silver pelage 
pigmentation [28], while the data from this study suggests it plays a larger role in darker 
pigmentation. PMEL is a melanocyte-specific transmembrane glycoprotein, so it could be 
hypothesized that the higher the expression of PMEL leads to more eumelanin is 
transferred out of the melanocyte and into the keratinocytes. The difference in expression 
data for PLXNC1 and PMEL not being in lighter pigmented samples as seen in previous 
studies could also be that more samples are needed to fully suggest its role in 
melanogenesis with confidence. Although the study number was low at only 5 owl 
monkeys, there are strong indicators for hypotheses, however, it does need replication in 
a larger set of samples to confirm these hypotheses. It could also be that the owl 
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monkey’s PLXNC1 and PMEL genes have a somewhat different role in melanogenesis 
compared to that of other species. SLC16A1’s functional role in the pigmentation 
pathway has not been elucidated, however, another study showed that chickens with 
lighter plumage had a down regulation of SLC16A1 [34].   SLC16A1, as well as its 
genetic relative SLC16A9, are both monocarboxylate transporters that may both play a 
role in regulating the acidity in melanocytes [34]. The level of acidity within the 
melanocyte may influence the formation of either eumelanin or pheomelanin. SLCs 2A8, 
30A1, 6A14, and 7A5, and their functional role in pigmentation or melanogenesis, remain 
vague. However, just as SLC16A1 and 16A9, all of these SLCs play a vital role in the 
transportation of different important factors in keeping a cell healthy; such as zinc, 
glucose, and sodium. Because these particular SLCs showed to have significantly 
increase expression in owl monkey samples with darker pigmentation, they may play a 
role in regulating the health and structure of melanocytes and its surrounding cell 
structures. 
Of the 15 other genes that successfully amplified, (and that were previously 
hypothesized to have higher expression levels in the back and belly hairs compared to 
tail) ten showed a significant difference in expression in favor of the back and belly hairs. 
The following genes had a significantly higher expression in the orange/belly and 
brown/back pigmented samples compared to the black/tail samples: BCORL1, 
C10ORF11, C19ORF44, IRF2, IRF1BP2, PLXNB1, SLC34A2, SLIT3, SNX1, and 
VAMP2. One gene, SLC1A2, was significantly higher in the tail hairs compared to 
the back and belly, which contradicts the original hypothesis. 
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It is important to note that although melanocortin 1 receptor (MC1R) has been 
shown to be associated with red hair pigmentation in humans [70], it did not show up in 
the RNA sequencing data for the owl monkeys. For this very reason, MC1R was not 
included in the analysis of red pigmentation gene expression. Although the owl monkeys 
have light red/orange hairs on their belly, they must have other genes that control this 
pigmentation. This could be potentially be attributed to convergent evolution between the 
owl monkeys and humans. The candidate gene list for orange hair expression that was 
created from the RNA sequencing data were found in both owl monkeys and humans, 
however, their function in human melanogenesis is still unknown. Due to their expression 
being significantly higher in orange/belly hairs than black/tail hairs in the owl monkeys, 
and being conserved in the human genome, their functionality in the human pigmentation 
pathway can be further studied to create a proper theory as to what they actually do 
during melanogenesis. 
BCORL1 was previously stated to be associated with the repression of E-cadherin, 
however, the extent of its function in the pigmentation pathway is still unknown [48]. E- 
cadherin is a known adhesion molecule that is primarily responsible for the adhesion of 
melanocytes to keratinocytes [71]. It can be postulated that the increased expression of 
BCORL1 has a negative effect on the expression of E-cadherin. The less E-cadherin there 
is, the harder it is for melanocytes to adhere to keratinocytes and transfer melanosomes 
and melanin granules properly. If melanin cannot be transferred to keratinocytes, then the 
surrounding hair will lack pigment.  C10orf11 is a known melanocyte differentiation 
gene in melanoblasts. Due to its affinity to lighter pigmented samples, its increased 
expression may lead to more pheomelanin pigment granules being led to the surrounding 
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keratinocytes. IRF2BP2 interacts with the c-terminal of IRF2 however their biological 
function is still unknown. Both may play a role is regulation of other transcriptional 
factors in the pigmentation pathway, such as TYR or TYRP1 who both increase the 
production of eumelanin. The increase of both IRF2BP2 and IRF2 may negatively 
regulate either these factors or others to decrease the production of eumelanin and 
increase the production of pheomelanin. SLC34A2 mediates the transport of inorganic 
phosphate into epithelial cells that has previously been associated with increased 
expression in breast cancer tissues [72]. Perhaps the increase in SLC34A2, and therefore 
the increase in inorganic phosphates, cause proliferation of melanocytes and disrupt 
melanogenesis before melanosomes reach keratinocytes. Therefore, it may not be that it 
increases the amount of pheomelanin in the surrounding tissues, but decreases the total 
amount of melanin in general to reach the proper tissues that express pigmentation. SNX1 
is an endosome to Golgi-apparatus transporter, while VAMP2 is associated with vesicle 
docking and fusion. Both work in the transportation of molecules in and out of the cell 
and were both seen in the owl monkeys to have an increased expression in lighter 
pigmented samples compared to the dark. This increase in expression could help with the 
transportation of pheomelanin out of the melanocyte and into keratinocytes. 
Further investigation of all these genes, would either further prove their functional 
importance in the pigmentation pathway in both humans and non-human primates, or 
would shed some light as to their actual role in melanogenesis. If the functionality of 
these genes can be associated with pigmentation, then further research into the predictive 
SNPs within these genes can be studied in both the owl monkey and human samples. This 
in turn would increase the confidence in current Forensic DNA phenotyping prediction in 
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additional causal predictors. The more that is understood not only in hair pigmentation as 
seen in these owl monkey samples, but in humans as well, the more useful information 

















































































































































































































4.3 qRT-PCR Analysis of Pelage Structure Genes 
All samples consistently amplified the HKG, and of the 11 genes tested, 10 
showed consistent qRT-PCR success rates, shown in Table 4.2 below. The only sample 
that did not yield consistent results is KRT73, which consistently amplified in the tail 
samples but not at all in the belly or back samples. Due to this, an accurate relative 
quantification to the tail samples could not be performed. KRT73 has been shown to be 
specifically expressed in the inner root sheath cuticle [60] in the lowermost bulb region of 
the hair follicle. One possible explanation as to why KRT73 is only expressed in the tail 
hairs could be that any expression of KRT73 in the back and belly regions was so low 
that it fell below the detection limits of the ABI 7500 during qRT-PCR. Because the data 
showed consistent results in the tail samples, another possibility is that it is not expressed 
in thinner samples at all and is only expressed in the inner root sheath of larger, thicker 
hair. 
Table 4.2: Genes that amplified successfully and were assessed for relative gene expression in hair 
thickness 
KRT32 KRT78 CASP14 SLC7A11 TCHH 
RAB29 CKAP4 KRT8 SERPINB7 CNN1 
In comparing the back, belly, and tail hair tufts for hair thickness, it has been 
found that of the 10 successful genes, 6 genes showed significant difference in gene 
expression. As was done with the pigmentation gene expression data, all qRT-PCR data 
was analyzed using a Kruskal-Wallis non-parametric test as well as a Dunn’s Post-Hoc 
test with a Bonferroni correction. Table G.1 in Appendix G shows the difference in gene 
expression among the 10 successful genes; those highlighted in orange did not show any 
significant difference in expression. 
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Like the pigmentation genes studied prior to the hair thickness genes, TBP was 
multiplexed with every gene of interest as the HKG. The average CT was calculated for 
HKG for each hair region and all amplification data was normalized with the CT of the 
HKG of the same region, giving the ΔCT. Relative fold change data was generated using 
the 2-ΔΔCT method. All fold change values were assessed for significant difference in
comparison to the tail/black samples. 
When comparing the qRT-PCR data in the back, belly, and tail samples provided, 
6 of the 10 successfully amplified genes had a significant difference in expression. Figure 
4.3 below shows the expression levels of the gene successful genes with an (*) denoting 
those that have a significant difference in expression levels. The overall P value and 
significance in expression between each region was done using a Kruskal-Wallis non- 
parametric test as well as a Dunn’s Post-Hoc test with a Bonferroni correction. As 
observed in the table, the back and belly regions did not show significant differences 
between each other. However, when looking at back-to-tail and belly-to-tail comparisons, 
significant difference in expression can be seen. 
Of the 6 genes that had a significant difference in expression, KRT32, KRT78, 
CASP14, SLC7A11, and TCHH were all upregulated in the dark/tail samples. TCHH is 
expressed in the inner root sheath of the hair follicle and parallels the distribution of the 
EDAR variant in Asian populations. It functions as an intermediate filament protein 
between the inner root sheath and cortex of the hair shaft during the anagen phase, and is 
known to help with keratin intermediate filament (KIFs) assembly to regulate cellular 
mechanical strength [54]. Because it forms multiple crosslinks with itself, it could be 
postulated that this increased strength in the inner root sheath causes the hair to be 
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thicker. Because it also helps with the assembly of KIFs with the inner root sheath it may 
also have a direct association with KRT32 and KRT8 because they are known type I hair 
keratins. TCHH may be involved in the regulation, assembly, and movement of KRT32 
and KRT8 from the inner root sheath of the hair during anagen. KRT32 is a known type I 
hair keratins that is also expressed in the inner root sheath [60]. If TCHH has a high 
expression and in turn upregulates the expression of KRT32, it could lead to more 
crosslinks and more keratins being moved into the hair which could cause thicker, 
stronger hair. This hypothesis would agree with the results of the owl monkey analysis, 
since the thickest hair showed the most expression of TCHH and KRT32. KRT78 is a type 
II epithelial keratin that help maintain the intracellular matrix and therefore cell structure 
[60], however any functional value for hair structure and growth is unknown. Just like 
KRT32 and KRT8, it could be associated with TCHH since its expression was also highest 
within the thickest hairs. CASP14 has been found in keratinocytes but its functional 
purpose is still unknown, however, its increased expression has been associated with 
tumor growth [73]. SLC7A11 is a known regulator of pheomelanin production. Samples 
that have a high expression of SLC7A11 are shown to not only have darker pigmentation, 
but thicker hair shafts as well. Because SLC7A11 negatively regulates pheomelanin, high 
expression of this gene could slow or stop the creation of pheomelanin. This would leave 
more room for the production of eumelanin which are larger, darker melanin granules. 
This corroborates with the results that show SLC7A11 having a higher level of expression 
in darker, thicker hairs. This gene should be further investigated in future pigmentation 
and hair thickness studies. The only gene that showed a significant higher expression in 
the belly and back hairs compared to the tail is CNN1. CNN1 is a known actin filament-
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associated regulatory protein in smooth- muscle, though any functional analysis in hair 
has not been studied. However, CNN1 has been associated with tyrosine, and that 
tyrosine phosphorylation regulates the amount of CNN1 available to bind to F-actin [74]. 
It could be possible that the downregulation in TYR, which in turn would leave more 
tyrosine, not converted into melanin, to phosphorylate CNN1. In turn CNN1 would not be 
























































































































































4.4 Microscopic Owl Monkey Hair Observations 
4.4.1 Pelage Thickness Measurements 
To get an accurate average measurement of hair shaft thickness for each body 
region, three different hairs from each hair tuft had their diameter measured in the center 
of the shaft and then averaged. Table 4.3 below shows the results from measuring the 
diameter of all hair samples available. 
Table 4.3: The measured diameters of the hair shafts for each owl monkey hair sample 
Using the observed diameters from table 2.4, the data was submitted to the 
Levene’s test to check for homogeneity with the data. Because the data passed Levene’s 
test and appears to be homogenous, a One-Way ANOVA statistical analysis test was 
performed with a Tukey HSD post-hoc test to check significant difference in hair 
thickness between each region. Figure 4.4 shows the average differences in diameter 
between regions and coordinating p-values. 
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As shown in the above figure and table all three regions have a significant 
difference in hair shaft diameter, tail being the thickest among the hairs, and belly being 
the finest. As well as testing significance among the hair shaft thickness between regions, 
a Pearson’s R correlation test was also performed to test the correlation between each 
region’s hair thickness and its spectral reflectance measurements. The observations 
resulted in a high negative correlation (tau=-7.99, df = 10, p<0.05) with a Pearson’s R of 
-0.928 and an R2 of 0.863. The correlation statistics show that a major difference in hair
thickness can be due to the major difference in pigmentation in the hair shafts [8]. The 
belly hairs were consistently lighter in pigmentation as well as smaller in shaft diameter, 
while the tail hairs were the opposite extreme. This is further supported by the fact that 
the thickness of the intermediate colored hairs (the back) were almost exactly in between 
the tail and belly hairs (difference in diameter seen in fig 4.4B). Another possibility as to 
why the hairs are different in thickness is the location on the body at which the hairs were 
plucked from. 
Figure 4.4A: Pearson’s R for hair shaft 
diameter vs reflectance. The red line is the 
trend line for all reflectance values vs shaft 
diameter. 
Table 4.4B: Table of Tukey HSD pairwise 
comparison results for hair thickness between 
all three body regions of the Owl Monkey. 
All three regions have a significant difference 
in thickness. Belly being the finest hairs and 
Tail being the thickest 
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4.4.2 Pelage Pigmentation and Other Physical Observations 
All belly hairs observed shared phenotypic similarities that were not seen in the 
other two body regions. As seen in Figure 4.5, not only were the pigment granules hard to 
see due to the light nature of the hair shaft color, but the medullas are very fragmented 
throughout the entire shaft. When present, the medulla is unilateral in shape. The hairs 
were also uniformly monochromatic along the shaft with no noticeable changes in 
pigmentation or color banding in each hair. The average shaft thickness is 29.4166 ± 
0.7978 µm, which as seen above are the thinnest/finest hairs. 
A: Monkey 11 
B: Monkey 12 
C: Monkey 13 
D: Monkey 16 
Figure 4.5: Belly/Light hairs under Leica compound light microscope at 20x 
magnification. 
The black tail hairs had the darkest pigmentation among the hairs analyzed. 
All tail hairs had a solid, dark coloring with no noticeable banding. Due to the darkness 
of the color, the medulla was difficult to see in some of the individuals, however, when 
visible the medulla is unilateral in shape like the belly hairs. The pigment in the hairs 
seemed to be most condensed towards the middle of the shaft. The tail hairs were 
consistently the thickest of all three regions for all monkeys observed, having an average 











Figure 4.6: Tail/Dark hairs under Leica compound light microscope at 20x magnification. 
Although the belly and tail hairs were found to be a single solid color throughout 
the shaft of the hair, the back hairs were observed to have a banding coloration, switching 
between a darker brown to a lighter orange or white color. Figure 4.7 shows two 
examples of this banding, exemplifying the change from darker brown pigment on the 
right side to a lighter pigment on the left. Another notable similarity found within the 
back hair, which was not seen at all in the belly or tail hairs, was the presence of a 
bilateral or “stacked” medulla. Figure 4.8 best shows the bilateral medullas found within 
the shaft of the back hairs. The medulla was also continuous and uniform throughout the 
darker regions of the shaft. All back hairs observed had a consistent shaft thickness with 
an average diameter of 48.2500 ± 2.0654 µm. Of all three regions, the back hairs were 
consistently thicker than the belly hair but thinner than the tail hair. 
Figure 4.7: Example of color banding seen in the back hairs 
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A: Monkey 11 
B: Monkey 12 
C: Monkey 13 
D: Monkey 16 
Figure 4.8: Back/Intermediate hairs under a Leica compound light microscope at 20x 
magnification 
Aside from the pigmentation being different in each region test, one interesting 
major difference between regions is the medulla. When visible, the tail hairs had a single, 
unilateral medulla along the entire shaft while the back hairs had a “stacked” bilateral 
medulla that takes over most of the inside of the hair shaft. The belly hairs barely had a 
unilateral medulla at all, and when it did it was very fragmented at best. The medulla’s 
function in both human and animal species is still unknown and widely debated [20]. In 
the instance of the Owl Monkey samples, it may have more to do with the hair’s placing 
on the body and structure than with pigmentation. Judging by the location of each hair, it 
could be hypothesized that the medulla plays a role in the hair’s overall strength and 
structure. For example, it could help hairs on the back stand up farther away from the 
body as a stress response of for better protection against the elements.  The belly hairs 
and distal tail hairs may not need this kind of function; therefore, they do not possess a 
thick/wide medulla to give the hair in that region more strength.  This could be studied 
further in the future to gain better knowledge of the functional purpose of the medulla. It 
could also explain why the medulla is always present in animal hair, while almost never 
present in human hair. It would be interesting to elucidate which gene, or set of genes, 
controls the creation and maintenance of the medulla in hair. 
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CHAPTER 5. RESULTS AND DISCUSSION: HUMAN SCALP HAIR 
STRUCTURAL MORPHOLOGY 
5.1 Microscopic vs Photo Hair Width Correlation Results 
ICY© measurements were shown to be consistent with the initial microscopic
measurements of the hair samples. The one sample t-test did not show any significant 
difference between the two measurements (tau=.99, df=36, p=0.1468). This shows that the 
two measurements between ICY© and microscopic analysis were close and that any
difference between them is negligible. 
The test set proved to be successful in figuring out a way to find accurate, 
quantitative measurements in 2D photos when physical samples are not available for 
analysis. The difference between the width measurements taken microscopically and 
through photo-analysis showed to be negligible, which gives confidence when only 2D 
imagery is available for a study and quantitative values are needed for analysis. With that 
said, the current database in our laboratory houses 2,196 individuals with 2D hair photos, 
but no physical sample available. While these images are perfect to test out the ICY© photo-
analysis software to measure the average hair width of each individual, it is important to 
note that the photos in the test set were taken with slightly differently parameters than the 
rest of the photos in the database. Both types of images were taken under the same lighting, 
with the same camera equipment, settings, and at the same distance; however, the images 
in the database (not a part of the test set) do not have the sticker label with the known 
width/length to set a scale to measure the hair shafts. An example of this can be seen in fig 
5.1. 
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Figure 5.1: On the left is the hair photo for the training set with the label 
sticker in it to set a scale for measurement. On the right is the same person, 
but their database photo does not contain the label sticker 
To address this issue was to go through each test set image and find the average 
distance in pixels/µm. Because both sets of images were taken with the same equipment, 
settings, and at the same distance, setting the measuring scale on the 2,196 pictures in the 
database to a specific scale is possible. However, because there was a small difference in 
pixels/unit in some of the photos in the test set, it is important to recognize the amount of 
deviation between photos when measuring. The average pixels/unit set for the 2,196 other 
individuals is 0.0405 pixels/unit ± 0.0096. 
With the ability to confidently set the same scale to all hair photos in the database, 
almost all photos were measured for average hair width. One of the biggest obstacles 
with the photos, both in the test set and with the 2,196 individuals in the database, is 
ensuring that the photo was properly taken for reliable readings to be made. Some issues 
that were encountered while assessing the pictures were that the camera took the picture 
before fully focusing, flash not going off, the surrounding light being too bright, or the 
individual moving while the picture is being taken. 
These are a few problems that need to be address at the time the photos are taken, 
because once it gets to the analysis step, it is too late to get a proper photo of the 
individual. Of the 2,196 individuals used for this study, people whose hair pictures were 
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not taken do to being bald or religious reasons, were not included for assessment.  About 
9% of the pictures in the database had one or more of these issues, so their hair shaft 
width cannot be included in future studies. However, for the rest in the database, future 
studies can reliably use the measurements taken with the ICY© photo-analysis software, 
and any future individuals who get added to the growing database can be measured using 
the same parameters as the others. 
With a reliable way to properly measure the hair shaft diameter in the hair photos 
in the database, the next step could be to run a correlation between the spectral 
reflectance values of each of the individuals in the database and the corresponding hair 
shaft diameter. This can perhaps strengthen (or weaken) the idea that hair thickness 
correlates with hair pigmentation. This was performed on the owl monkey samples, and 
therefore it would also be interesting to measure in human samples. Looking at the 
reflectance values as a form of pigmentation analysis can also show the varying levels of 
pigmentation in each of the hair color categories. Many people claim to have blond or 
light brown hair, but how accurate are they? Within the test set of 45 individuals alone, 
there was variation in the actual pigmentation within each category of hair color 
(Appendix J). A future study could be done to put a more quantitative value on hair color 
rather than categories like blond, brown, and black. Just like finding a reliable 
quantitative value for hair curliness (rather than using categories like straight, wavy, 
curly) measuring pigmentation either by spectral reflectance or red-blue-green (RGB) 
ratio values on color corrected photos will create better data for comparison in either a 
GWAS or another gene related study. All measurements performed on the test set, both 
microscopically and via photo analysis, can be seen in Appendix I. 
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5.2 Micro vs Photo Curly Hair Correlation Results 
For the first correlation test between the ICY© and CD meter, the observations
resulted in a high negative correlation (tau=-7.53, df = 13, p=4.337e-6) with a Pearson’s R 
coefficient of -0.901 and an R2 of 0.813. Because the CD meter was ranked 1-8 (1 being 
the straightest and 8 being the curliest) and the curl diameter length in the photographs 
was smaller the tighter the curl was, it makes sense that the correlation is negative. What 
is important to note is that the correlation is very high and that the p- value is less than 
the set alpha level of 0.05. 
Using the CD meter as a correlation between hair curliness in physical samples 
and 2D imagery will allow a better ranking system for curliness that just straight, wavy, 
curly. The CD meter ranks curly hair 1-8, 1 being straight and 8 being very curly/kinky. 
In the past, when analyzing photos with different hair morphology the ranking was stuck 
to straight, wavy, and curly, but that can be a very ambiguous description. Tight, kinky 
curls were lumped in the same category as someone with loose falling curls. An example 
of this can be seen in figure 3.4. Although the hair structure of both individuals is vastly 
different, under this ranking they would be put in the same category. Now that it is 
possible to measure the amount of curl in the individual’s hair and put a more stringent 
rank on it, the two individuals in the figure will not be put in different categories for 
analysis. For example, under the CD meter ranking, the person on the left has a CD curl 
rank of 4, while the person on the right has a CD curl rank of 7. 
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For the second correlation test between the ICY and curl index, it resulted in a 
high positive correlation (tau=6.46, df=13, p=2.171e-5) with a Pearson’s R coefficient of 
0.873 and an R2 of 0.763. In the microscopic observations, the smaller the curl index, the 
tighter the curl for the individual was. The same could be said of the photographic ICY 
observations. The smaller the diameter of the curl, the tighter the curl the individual had. 
Figure 5.2 below shows a correlation graph between these two variables. Again, just as 
the correlation between ICY and the CD meter, the correlation is quite high. This gives 
confidence in being able to give a quantifiable measurement to an individual’s hair photo 
when a physical sample is not available. 
Figure 5.2: Curl Index vs Curl Diameter 
Using the curl index (i) as a correlation between hair curliness in physical samples 
and 2D imagery can also give a second quantitative value to 2D photos that isn't base on 
a rank, but a ratio. For (i), the closer the ratio is to 0, the curlier the hair is, and the closer 
it is to 1 the straighter the hair of the individual is. For example, one individual in the 
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training set who claimed to have curly hair was measured for curl diameter during photo- 
analysis and resulted in 3.2 cm in length, and their (i) was 0.55. However, another 
individual in the training set claiming to have curly hair was measured for curl diameter 
during photo-analysis and resulted in 1.6 cm in length, and their (i) was 0.25. The second 
individual has much curlier hair according to the curl index ratio, but when analyzing 
both people just as "curly" then this difference would go unnoticed. With this ratio, the 
difference in straight, wavy, and curly hair will have a lot more discrimination and 
genetic analysis further down the road could be more accurate. 
While both the CD meter ranking and the (i) ratio proved to be successful on the 
test set of 45 individuals, using either of these measurement types in a real-world 
application will need a little more work. A larger set of individuals with both a physical 
hair sample and a 2D image of their hair will be needed to really narrow down which 2D 
photo measurement falls into which CD meter ranking. With enough individuals, giving 
parameters for each CD ranking (1-8) will be possible, and the need for physical samples 
will no longer be required. For example, CD rank 5 (which is fairly curly hair but not 
tight/kinky) could have a possible range in photo-analysis lengths between 1.5- 
2.5 cm, and CD rank 7 (very curly/tight) could have a range in photo-analysis lengths 
between 0.5-1.0 cm. While the test set had people ranging from straight to curly, it did 
not have anyone with tight/kinky curls, which is needed to fully establish a proper 
ranking system that could better describe the hair structure of the individuals in a 
GWAS for hair structure. The same goes for the (i) ratio system; more individuals with 
curly hair are needed to create a confident ratio system of hair curliness. The smaller 
the photo-analysis length is with the 2D images, the curlier the individual’s hair is. 
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CHAPTER 6. CONCLUSIONS 
The first goal of this study was to look at a list of candidate pigmentation genes 
generated using RNA-sequencing bioinformatics data, and assess the differential gene 
expression in different hair color follicles. Of the 26 genes that gave expression data, 22 
showed significant difference in expression levels between light and dark pigmented 
samples. The four that did not show statistical significance are MIR29B2 (p=0.1877), 
PPFIBP2 (p=0.7691), SLC25A23 (p=0.3792), and TMEM139 (p=0.198). The goal was 
also to look at candidate hair thickness/morphology genes generated from the same RNA-
sequencing data, and assess their expression data as well. Of the 10 genes that gave 
reliable expression results, six had a significant difference in gene expression between the 
three regions studied in the Owl monkey. Having a parallel study on humans with the 
pigmentation genes in tandem with this study with non- human primates also helped us 
gain a better understanding on the similarities and differences between the species on a 
molecular level. Gaining a better understanding of these candidate genes and their 
functional value to hair structure within humans will be invaluable in genetics research 
and practical applications such as forensic science. With FDP emerging as a useful tool in 
the criminal justice system, knowing as many genes (and their causal SNPs) that control a 
person’s physical appearance is paramount. The more information that can be gathered 
from DNA found at a crime scene, the better the prediction of physical appearance will 
be. As of now, hair, skin, and eye pigmentation can be predicted with high confidence, 
but adding natural hair morphology/curliness will only add to the phenotypes that can be 
predicted. The more information that can be given to authorities about DNA found at a 
crime scene, the better possibility of helping them in criminal cases, missing person 
cases, and other situations where DNA of an unknown source is available. 
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The second goal of this study was to obtain the ability to accurately assign 
quantitative morphological phenotypes to hair structure in humans using both microscopy 
techniques and 2D imagery. Three distinct types of quantitative measurements were 
correlated between the physical samples and 2D photographs: Hair width from both 
analyses, CD meter vs hair curl diameter, and Curl index vs hair curl diameter. This will 
be very useful in the future, when GWAS studies or other genetic analyses only have 2D 
images of the individuals in the study and do not have physical samples to gather 
quantitative observations. If either or both measurements can be studied further to create 
a more confident curliness reading, future GWAS studies will be able to properly 
phenotype hair curliness using only 2D imagery, which will help narrow down which 
genes may be responsible for differing hair morphologies. This could also help further 
along the genetic analysis that was performed in part one with the owl monkey samples. 
In turn, an even better candidate list of genes for hair structure analysis can be created. 
The more genes shown to have a significant effect on hair structure, the more can be 
understood about human DNA and the genes that control physical characteristics. This 
research will only strengthen the ability to predict an individual’s appearance, when only 
a sample of DNA is available and the source is unknown. 
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APPENDIX A: PIGMENTATION qRT-PCR PRIMER DESIGN 
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APPENDIX C: STATISTICAL BREAKDOWN OF PIGMENTATION 
EXPRESSION DATA 
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